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Microwave processing is a suitable technique. for a wick range of’

ceramics ncluding oxides and non-nxicies, Amorq; t.lleceritmtcb wh!ch have

been successfully heaL.ed and sinterecl i~tLOS Alamos UStIIg

aluminal , boron carhide2 , zircol]ia3 and alumina-si

composi(es4. Several ncivantn~rs ovt’r coIIvtIIlt.loIIalheiit.i;l~

realized Iwcause enor~;v is cnJIl)lL’(1(llrtIc’rlYto tll(’

microwaves are

licrnl rarhlde

“~’chniqucs are

crrnm ic I-)ody,

Additionally, proccssiillgtimvs iIrc mwh sllol”tl’r illld cnvrgy cost s lower.

Thc! 1oII[;(Is[.proces%ln}; timo for JIIIVo! :lIt!snmplrs rrportvd In this

paper was 1? minutrs.

Flirrnwavt’h(’ntinp,rrsu]ts trom 1111’~’lwrfiyd!sslpillt!dhy n rrr~mlr

p 111(’(,(1 in ~t , tct-owllvt’f1(’1(1, ‘r:l(lI1{IWI* 1- (Ilsslpnt(’(1by 11 rl~l-ftmlc

dllllt*(”[l”ll” in an ult’rlrir iit’1(1IS y,lVIIII I)v11111!(lll(lwill~;(I(lil’ltIolI:

(;Inf,)(lt~/;’)tilllhl)-. (1)

wll(’rl~1’Is (llt~powt)l”(11Ssll)ill(.[1,./’I!;IIlt’II“tlllll(lll(”y , f Is llItIdlt,lt’t.trlr

pt~rml[[Ivllv, Ii l:; 11111IIIIICIril. i11.111:~11“(111/1,111;III(ll~llth IS 111(’10s%

l;lll~,l,ll[ 1 [)1- I 1)1* (11,, 11. (.l 1“1(’ . I[ I!. I!’,1(11Iv ,1111);11.(1111I1’0111 Illl!i t’llll;ll 1(}1),

111:11 I III* l.t.r;lml[’mll::lII;IVI’;III.l[llll.l.l, [,11111. Ill!;!; I ;Ill}’,1’ll! :11111 llll’iihl. l )“1(.

ll(~l”m[lllvltvIll01!1{,1 1111 :;Iv,IIIIi{”illllIIII;II1111’,IIIclt.(.111.

1“111” Il)!i!;l.v mill Q~l”lill‘i !illl.11ii!; I I I :111111111 ,1111111 1(16, I 111, ml(. l”llwil\Jl,!; ;11 1-

:11):; (11 11[’[1111111111Illllv1..’111 fllllv ~11.1}1,11.111,IIll’l;;lllll)11. .1.11(’(111111II {)1

I.1,111,11“;111011 111!11 [Ill, ‘iilllll)ll, l-i 11,1.1111I I 11,(1 11}1 114s1llllll}l. 11111 !;klll 11{11)111

Wllil’11I!: 11111!Il!;lilllt”l,,11 wlli,ll1111,1.11,1111,.11,,111I.lll!i 10 I/l’ (Wllll.11



is equal to 37%) of the f“it’lci strength il[ Lhe surface. The skin depth is

calculated hv the following formula”

Skin Depth - l/(n\”LL(J)L’ (2)

where J is Lhe frequerll-v,p is llILIp(irmitivlty and o is the dc

conductivity. The skin depth has ht’tl~c;ilrulated for 100% dense titanium

diboride f~r some of the frequt”ncitls L.OMMOIIIY ust~(l in microwave

processing of ceramics in Tahlc 1, At 2.(I5 C}lz the skin depth Is 4.67

pm. The skin depth drops to 1.32 Mm at ;)H iii~d 0.90 pm at 6(1GIIz. These

values for Lhr skill (-hPpth wtlor(.Cill(.(llit[t’dfor th~!or(’licnlly dense

ti~anlurn dihorlde, In [lIt*~,1”(’1111}J(IIIVwlIlrtIIs only ‘>~t of thcorlttica]

drnsirv thr skin duplh fs som(’wl~n[ lat-~,llr, hu[ should npprcmrh th-!

CillCtllilt(1(1Vill Ut’S ii:; (Ittl l.%itV illl’red.so.s. AS [llt~skill (Ithl}t}iviiillsllt)~ , t lW

mntt’riillht’ll:lvosllkl’ il p(~l”f(ll’[(’(UI(III1”(OI-,[11 wlll(’11CilS(l pdwor IS

(I IS SII)il[ (’[1 il}i hCrll Ilv ttlll Ill(l{ll”t [(III (IfsIII”I,II-(.t.tlrr~.ll[s,

‘HI(’ ( ilillll llln-llo:”oll” ~~llil}ill llf,t~,r.imh l’;SII(IWIIIIIFi~,. I. (l~i’lll$it16il:l(l Sp(’ill_

Lnt ,11 .7 lI:IVI, I“(lllort {~(1 flI(I t,xi:;lt,lll.t,(II ltIt’(.oml)flllll(l“1’131}4,IJIII l~(Ic{IIIsts

01 (11(~ I:it’k01 t“xllt’l”imi,lll,11(1,1[,1, III(IIII).!:;(II1(11(1for till:;(.om~l(ltllltl[S

1101 I.t’pl”(’:;l’lift~(ltillIlli:i(li,l}~,l,Im,) Tll:lilllmdil]lll.ltlt’Is a *Ir(lll~,ly

I)oll(l(i(l(“l)v;lllllltt“omll[~llllll;Illil;1:;!;ll.’1111,1!; ,111 IIX[ r(’mtllytI1/1,11m(’1IIll}!,[1011,1
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Sceiger” . Kislyi and Zi+vt’rukhaprrformed vacuum sintering on micron

uizrd titanium diboride powders heated as high as 2000”C. These authors

reported 1inear shrinkages of up to 14~. Baumgartner and Steiger

reported on the sintering of suhmicrnn titanium dibnride powders

synr.llesized by a gas phase plnsmil process. These workers achieved

densities of 99.40 of throretirnl by va,.uurnRintering at 2200”C for an

hour ,

tl~rmann C, Stark* tltallilun(Iihnr[dv powder, lot IICST-20H7, was

used in t~,lsstudv. TIIC avt’rn~(~partirl(. size was dctcrminect to be 4.4

pm an(l rho B.Ii.T, surfnr(! aren wns mr;lstlrr(tn( 1.84 mz/~m. The principle

impurit ies nrt’ (unp,s[(IIInt hO(lO, C(ll}ill[ ;{( hool” iron at.350 nlldchromium

at “]0[)ppm. i’ow(l(~rswtIre ~.olwolld~lt(,d”hv uIi]iixiiIl pressing (without

l)tmlt’r:+or Slll!vl-lllp,iIi(ltIs) ‘o I[),(NN)psi tollow(!d hy Isostntic

~}rthssi[l~~[()W),ooo”psi , Tlils dmll~lc prussll~v procrdurr resulted 11:1 cm

tliilml’[~11-)( 1 cm hi~,llpt~l1(’[s()[;ll)l)l.oxiln{l[(~ly‘)’)%p,rrrll(1(-llslty.

I’hl(”illlsl)01 tll(.pl”op[*llsl[y01 tl[~lllltundll)orldc to oxldlzc, 2.45

(;IIzm[l.r(wilvtlpl”o(.(’sslll}; Wils p(, rl(ll”mvd Illl(h,r I Iowlry, Ilrp+lllUslll[;(11(!

fil:. il[tv, Stl{}WIl ill t’1~~. ?, ‘t’tI!:l fil(. !] [[v (.oll%[!it S 0[ II 6 kllown[(

1111(’l”(lwilvtsIlow(”l!;llpplv , ;1 2 II x .] II x ;] II I-(’sollilllt[.ilv!ty [’qlllpp(’d

Wllll :1 I (11ilt itl}:!i~ll)(”llll(,ll I iIIIltI :111:1 ii Iwt)I.l)1(11”1111I“iII(1(1l}yl”(un(’l{~r.

All C;IIII[.[mt.ll!iWI,I.I.II!,,CII I*II I I iIIII I.1111111 I I.llllllll ,1( II I.(I I (I I II{,l)~,;lkI~’mll(~rilt111”1~.
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~
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allowed to cool to room temperature. A Lypical time versus temperature

curve is at~own in Fig. 3.

RESULTS AND DISCUSSION

Figure 4 is a plot of densitv versus peak sin[ering temperature for

titanium diboride samplvs microwave sintered under flowing argon. The

apparent density is AS hi~h as 89% of thi’oretical for titantum diboride

and temperatures as high as 22h5°C wrrc achieved. [JnforLunately, there

does not appear to t~e any rational rt~laticmship between sintering

temperature and density. Tl\t~reitsntlfor this brcomes apparent upon

further exnmil]ation. FiEure 5 IS ii st-arining electron micrograph of a

sample which was heaLcd tm lH12°C unctrr flowing ;irgon. Examination of

Lhe micrograph shows tl)iit both tit;lnium diboritie which appears as the

dark phiiscaIMJ an unidt’n[ifit!dlip,htphasp arc presrnt. The LighL phase

is pr(*senL [II laI~;tIr:ImolllllsiII s,lmplt’swhich werr hr’atcd [o hi~hcr

t~mp@l-iltUr(*S illld/Ol- lor l(IIIK(Ir Limes. X-L-iIY nnnlysIs was performed LO

Idrntifv (11(1[)hiIs(wiprt)s(’[11il~tlILISiIsnmples. A [y~~l(~iil X-rii)f pnt:trrn 15

shown IIIFip,,6. Illit(ldl[l(lllto [![illllllln dil)orldr Wlll(”ll Wil!i ldCqlltlfICd

;1s 111(* ma ]01” pll;lsuIll illl (11 tlil’silmpl(ls, I’lzo, ‘1’10,Tlzon mI(l TiFK)3

WPI”(lItl[hllt 11[(1(1Illilt l(iii!it 011[1 {)1 111(1 %qllt’s . Tilhlc 2 I 1s[s Ilw plIns(’s

1(11111(1 IllI,;I[”II!+:lmplt~ [11 ol”(lt,l” [)1 ;1111(111111pl”(. s(,lll , Also ll:il(~(l111Tllhl(l2

ill-~~ I Ill’ !i [Ill (’rill~~,[ lint’ illlll I (’1111)( ’1”;11 111”1,

“1”11[,I} I”II:; I, III. I. 1)1 (IsIII;II[1111 i:; IIf)l Illl;llly1111(’xpl~l’l 1’(1 Wllll’11 l:; why’

::lllli’lillj”,w:I!:III*I1(111111,(1 1111111,1” .’111 ‘11”} ’,1)11 I 111”:11, “[’[1 IIII(hSI”:it;III(l WIIV I [f;iilllun

11[11!11 1(11){l Nl(llt!i ~;ll 11,.1111Iv il l:i ill,,l 1111.I IV(I I(I (I(III:; I II I(. I :1 :ili IIIl I [[v
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111 [!: !iv!il 1.111 /1 1 1}1,’/”(: illlll I 1, ,,llllwll ill 1“1}( /. 111111)1 11111,11 I.ly,



thermodynamic information is not available for TiBOs or Ti20, and

therefore, it was not possible LO represent these phases on the

stability diagram. In spite of this shortcoming inuch information can

still be gleaned from Fig. 7. Titanium forms several oxides because of

its extremely high affinity for oxygen. To completely stop any oxidation

from occurring at this temperature the oxygen potential would have to be

approximately 10-18 atmospheres. Since attainment of an oxygen potential

in the 10-18 atm ranEe is a difficult task, especially in the present

microwave cavity, a clifferenL ai]proach was taken. Carbon was placed in

the cavil,” to act as a get.tering ngcnt via Lhe SollUwing reaction:

c(s) + %Oz(g) - co(g) (3)

Where this renctirm 10 come to cqul].ibrium in the microwave

chamber ii t. 11127”(:, tIN ox,y~[’11 potcI~[ial would be about ~(]-15

atmosptwros, An oxyt,cn potcn~lill 111 LIIISI L_iillg~ will not preclude

oxldntim, huc hoprfull-y if”slloul(lliml[ 11 Lo illlcxccptllbLc lCV(?l.

Fip,uru 8 is a plo( 01 d(IIIsIIyVLIrSIISI)t~ilk sln(.rrlllgtcmpcraLurc

[or lit[llllullldihnrld(! Sil:lllllt’S mlcr(~w;lvt~sil)trrud 111 [I..(’ pl”l’st’11~:~ of

~ill-l~ollilll(l 1111(1(*1- !lowlll~, ill-y,(lll. 111 [Ills plot dl’llslty lll(!r(’ns(!s WI Lh

lrlnl~(t~illllr{’ (111[ 11 111~)()”(: ilfl (’1” Wtll(.11 II illl~tllll lY (1(’c(’il$(’~. ~11 O!” tllc’

Sillllllll’!; sill[ 1*1-(’(1 1111(1(’r I 11(’!:(’ 1.();,([1 I 1(111!; W(1 I-tl illl(llyz(~(l by x- l“ily

(Ill f I-; I(.I ion. “1’ll(~:;u 1.(’:;111 I :; :11“(’ l;ll)lll;l[ (’[1 ili Tiltll(’ ‘1 il I (Jll~, Wllll

lllf(ltmill 1(111 (.r)ll(.tlrllill}l, [11(, pl”[lcll!; :;llly, Iml.ilml’11’l”s.



x-ray analysis. Figure 11 snows that a denser rim forms along the outer

surface of the sample during sintering. The thickness of this rim is

200-300 pm which is many times Ereater that the microwave skin thickness

of 4.47 ~m. It is not clear at this time if rim formation is due to a

microwave skin effect or some other reason.

The reason for the abrupt fall-off in density for samples sintered

at temperatures above 1860”C can be determined by examination of their

microstructure . Figure 12 shows that the region adjacent to the surface

for a sample heated above 1860°C, Adjacent to the surface is a band 200-

300 pm thick which contains large voids 20-75 pm in diameter. The

formation of these voids accounts for the observed drop-off in density.

The reason the void formation starts at 1860”C is probably due to the

10SS of a Ti02 protective film which melts at this temperature, Once the

protective film is lost rapid oxidation with the evolution of BzOs(g)

occurs which C~USCS th(! c)hsorvrd void formation according Lo the

following rc~ctions:

TiB2(s) L 202(E) - ‘rIO(l) t 11203(g) (4)

illld

Titlz(s) + gi?oz(r,)- Tizoa(l) t 2B203(E) (!))

CONCLUSIONS

‘ri[‘Ill[lun dll Iot-ldu C; III ht. 11{*:11(1(1 t(I IIII;II t(IIIII~(SI-:IltI~CIP; LISIIIH mlcrowuves.

m Illy,lluxt tcnlp{.t.;illll.[1 01)[:1111(’(1 III (11[s St Il(ly Wils 22!4’)0(:,

[Illltll-lllll:ll (’ly, 1)%1 (1;11 1(111 Wil!i ;1 1)1”(11)1(’111,(I!ill(il. lill Iy il[ tll(’ Ill};hr

I I’ml)(ll”i=ll lll”t~!; ;1I [ I1OU}J,II :IH iII” II,(III f II I!; II dIIll ;I u;II-11(111 I;[IIIOI W~II-(l US(I(I. h

[,(mq~l~,[~11y I:;[,), (Ix[il;ll[(111 I 111. !lxy~,l,;, lIIIf IIII[ i~ll Illll!:l 1)1’ Ill,l[)w 1o”’’”

ill In(l!; llllvl”t’!i



Using an argon flush and a carbon getter, titanium diboride was

successfully densified to 82% of theoretical without measurable

oxidation by heating with microwaves to 1860”C. Density actually

decreased upon reaching temperatures above 1860”C due to void formation

adjacent to the surface. Void formation is thought to be due to the

formation of B203(g) which evolves rapidly above 1860”C because of the

loss of a Ti02 protective film which melts at this temperature.
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TABLE I

Frequency (GHz)

2.45 28 60

Skin Depth (pm) 4.47 1.32 0.90



TABLE II

sample Den6iit~
1 3.47
2 3.42
3 3.95
4 3.42
5 3.54
6 3.56
7 3 94
8 ?.99
9 .30

10 J.61
11 3.40
12 3 27
13 >.28
14 3.39
15 3.59
16 3.43
17 3.49
18 3.45
19 3.49

Peak Temperature Total Time Phaacis
1872 8.5 Ti0,Ti203
188-7 9.5 Ti203
1770 13 unidentified
1902 9 none
1875 11 none
2000 4.6 none
1919 8 TiB03,Ti20
2089 6 Ti2B5,Ti20
1985 4.5 none
1824 16.5 TiB03
2234 14.5 Ti203
1965 14.5 unidentified
1961 14.5 none
1715 12 l’i203
1940 9.5 none
1807 10.5 Ti203,’I’iO
1890 11 none
1871 13 ncne
1870 11.5 none
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lighr and tiarkphase,

F’igure 6.) Typical x-rii~ I)iitt.rrli for d [ Itunlum dihorldc silmpl(+ sirlt(’rcd
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